Cancer immunotherapy based on tumor vaccine is very promising and intriguing for carcinoma treatment. Herein, antitumor nanovaccines consisting of self-assembled chitosan (CS) nanoparticles and two-component mucin1 (MUC1) glycopeptide antigens were reported. Two different kinds of polyanionic electrolyte [sodium tripolyphosphate (TPP) and γ-poly-L-glutamic acid (γ-PGA)] were combined with chitosan polymers to fabricate the diameter of nearly 400-500 nm CS nanoparticles by electrostatic interactions. The nanovaccines were constructed by physically mixing MUC1 glycopeptide antigens with CS nanoparticles, which reduced vaccine constructing complexity compared with traditional chemical total synthetic vaccines. Immunological studies revealed that the CS/γ-PGA nanoparticle could dramatically enhance the immunogenicity of peptide epitope and produce significantly high titers of IgG antibody which was even better than Freund's adjuvant-containing vaccines.
Introduction
Nanovaccines, which consist of nano-scale based particles, are now been widely studied because of the adjuvant effects, biodegradablity, enhanced antigen bioavailability, controlled release and reduced side effects [1, 2] . These nanoparticle vaccines could be classified according to chemical components: liposome, inorganic nanoparticles, bio-degradable or non-degradable polymers, and amphipathic peptides et al. [3] [4] [5] . Recently, nanovaccines are widely applied in the cancer immunotherapy [6] [7] [8] [9] [10] [11] [12] [13] .
Immunotherapies against tumorous mucin1 (MUC1) are widely focused due to their safety and efficiency for cancer therapy. MUC1 glycoproteins are overexpressed on many epithelial tumor cells and specifically glycosylated as tumor-associated antigens [14] . 20-mer repeats of extracellular domain of human MUC1 glycoprotein, HGVTSAPDTRPAPGSTAPPA, have five potential glycosylation sites of Thr or Ser [15] . There is a betaturn conformation in PDTRP domain [16, 17] , and early research demonstrated that glycosylation in PDTRP domain played a critical role in immune response against MUC1 glycopeptide [18] [19] [20] . In design of MUC1 glycopeptide vaccines, the main challenge is how to improve low immunogenicity of MUC1 glycopeptide.
Multi-component is an important strategy to improve the immunogenicity of MUC1 glycopeptide by building immune-stimulatory components into vaccine structure [21] [22] [23] . Conjugation of MUC1 glycopeptide and carrier protein can elicit a significant level of immune response due to high immunogenicity of carrier itself [19, [24] [25] [26] . But undesired antibodies might be produced against carrier protein, which may elicit significantly side effect. To solve this problem, T-helper cell epitope was separated from carrier protein and conjugated to MUC1 glycopeptide, which may increase the immune response of vaccines. Kunz and co-workers synthesized two-component vaccines containing a MUC1 glycopeptide and a T-helper cell epitope derived from ovalbumin, which increased the immune response [27] . In our previous work, two-component vaccines were developed to increase the immunogenicity of MUC1 antigens by adding T-helper cell epitope from tetanus toxoid into structures of vaccines [28] . Covalent multi-components, such as Toll-like receptor agonists, could increase the level of immune response of vaccines by activating innate immune system [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . However, covalent construction of multi-component vaccines may lead to more complexity in structure of vaccines, which is not beneficial for chemical synthesis and further clinical applications.
It was believed that nanoparticles could be effectively up-taken by immune cells and activate innate immune system [41] [42] [43] [44] [45] . To simplify the structure of MUC1 glycopeptide vaccine, we prefer nanotechnology to construct multi-component antitumor vaccine. Chitosan (CS) is a positive charged polymer, which is derived from deacetylation of chitin. CS can dissolve in dilute acid to form a polycationic polymer due to protonation of amino group at C2 positon of glucosamine blocks [46] . And CS polycationic polymer could self-assemble to form spherical aggregates by electrostatic interactions when anionic compounds were carefully dropped into solution [47, 48] . Besides, CS was found to activate both humoral and cellular immune system [49] , and CS nanoparticles were proven to be a safe and effective drug delivery system [50, 51] , but still have not been applied in cancer immunotherapy. In this study, two kinds of polyanionic compounds [sodium tripolyphosphate (TPP) and γ-poly-L-glutamic acid (γ-PGA)] were carefully combined to CS solution to form CS nanoparticles, respectively.
Herein, we developed a series of glycopeptide epitope combined with CS nanoparticles to form antitumor nanovaccines. The MUC1 peptide was glycosylated by Tn antigen at the PDTRP domain (M3, Fig. 1a) , which is the most immunogenic motif in MUC1 glycopeptide. And Tn modification of Thr in PDTRP increases the immunogenicity by stabilizing beta-turn comformation of PDTRP [52] . The T-helper cell epitope from tetanus toxoid (TT 947−967 : FNNFTVSFWLRVPKVSASHLE) (T21, Fig. 1b ) [28] , was proven to improve the immune response of MUC1 glycopeptide vaccines in previous work of our group. (M3-T21) was the covalent link of M3 and T21 by a triethylene glycol spacer (Fig. 1c) . The nanovaccines were constructed by physically mixing peptide antigens with CS nanoparticles, and then immunized with mice for immunological studies.
Experimental Synthesis and characterization of glycopeptides
All the chemicals in this experiment were obtained from Sigma, Aldrich or Acros without further purification. Amino acids, coupling reagents and resins were purchased from GL Biochem. The synthesis of glycosylated amino acid building block Fmoc-Thr(αAc 3 GalNAc)-OH was described previously [19, 53] . The 1H-NMR spectra was recorded by an Jeol-ECA-300 spectrometer using CDCl 3 as solvent with frequency of 300 MHz and the analytic data was reported in the Supplementary Material. 
Preparation and characterization of nanoparticle
Ten microgram of the purchased CS (sigma, medium molecular weight, 190~310 kDa, 75-85 % deacetylation degree) was dissolved in 9.7 mL 1 % acetic acid solution. Then 10 M NaOH solution was added slowly until the pH was 5.5 and the solution was filtrated by 0.2 μm filter membrane. Twenty seven microliter 1.5 % (w/v) sodium tripolyphosphate (TPP) solution or 24 μL 1.5 % (w/v) γ-poly-L-glutamic acid (γ-PGA) was dropwise mingled with a stirred 970 μL CS solution to form nanoparticles suspension. And under these amounts, the charge ratio of positive and negative charge was 2:1 in both nanoparticles. Keep stirring 2 h without separation.
After the nanoparticle suspensions were stirred for 15 min, 100 μL antigen solution contains 100 μg M3 or 100 μg M3 with 120 μg T21 or 228 μg M3 − T21 was dropwise added into the two nanoparticle suspensions, respectively. Keep stirring for another 2 h to form the nanovaccines. Otherwise, peptide antigens in 100 μL solution were also added into 900 μL CS solution as negative control experiments. Moreover, 480 μL CS solution and 600 μL Freund's adjuvant (FA) were combined with 100 μL peptide antigens solution to form waterin-oil emulsion as positive control (Table 1) .
M3, M3/T21, M3-T21 were three kinds of peptide antigens, of which M3 was the MUC1 glycopeptide, M3/ T21 was mixtures of M3 and a T-helper cell epitope T21, M3-T21 was covalent peptide antigen of M3 and T21. The CS/TPP NPs and CS/γ-PGA NPs were used as adjuvants to form nanovaccines. FA was Freund's adjuvant that used as positive control. CS were used as negative control.
Transmission electron microscopy analysis
Eight microliter CS/TPP or 8 μL CS/γ-PGA suspension solution was applied to copper grids of carbon support films for 1 min. Eight microliter phosphotungstic acid (15 mg/mL, pH 6-7) was added for 1 min for negative-stain. After drying overnight, the copper grids were imaged by Hitachi H-7650B transmission electron microscopy.
Dynamic light scattering and zeta potential analysis
Dynamic light scattering and zeta potential of CS/TPP and CS/γ-PGA nanoparticles suspensions were measured by the Malvern ZEN3690 Zetasizer apparatus.
Immunization
Balb/c mice of 4-6 weeks were purchased and bred in Animal Facility of Center of Biomedical Analysis, Tsinghua University. M3, M3/T21, M3-T21 antigens were dissolved in pure water and then added into CS solution, CS/TPP, CS/γ-PGA, and FA respectively (Table 1) . From V1 to V12 group, each group was immunized with 200 μL solution of 10 nmol peptide antigens with or without FA by intraperitoneal injection. The first immunization was combined with Complete Freund's adjuvant, while boosted with Incomplete Freund's adjuvant. Each group consists of four Balb/c female mice. Mice were injected at intervals of 2 weeks for five times and the serum was collected 1 week after last immunization. Serum without immunization was negative control.
All animal use protocols performed in this study are according to the Institutional Animal Care and Use Committee(IACUC), and the Laboratory Animal Facility at the Tsinghua University is accredited by AAALAC (Association for Assessment and Accreditation of Laboratory Animal Care International).
Antibody titer measurement
High-binding 96-Well ELISA plates (Costar 3590) were coated with 20 μg/mL glycopeptide M3 (100 μL per well) in 0.1 M NaHCO 3 solution (pH = 9.6) overnight at 4 °C. Then each well was washed by PBS with 0.05 % (v/v) Tween-20 for 3 times, and then blocked by incubating 400 μL PBS with 0.25 % (w/v) gelation for 3 h at room temperature [52] . After another 3-times washing, the antiserum was diluted and added to each well for 100 μL and incubated for 1.5 h under 37°C. Washed 3 times, the 1:2000 diluted rabbit anti-mouse IgG-Peroxidase antibodies (Secondary antibody, sigma) was added and incubated for 1 h at 37 °C. After washed for 4 times, 100 μL OPD substrate (1 mg/mL o-Phenylenediamine in critic acid buffer (pH = 5), 1.5 μL/mL 30 % H 2 O 2 ) was added to each well and incubated for 30 min at room temperature. Optical absorption was measured at 450 nm. Titers are defined as the highest dilution with 0.1 optical absorption or greater than the absorbance of negative control sera. Each sample was repeatedly measured for 3 times. Vaccine V1 V2  V3  V4  V5  V6  V7  V8  V9  V10  V11  V12   Antigen M3 M3  M3  M3 M3/T21 M3/T21 M3/T21 M3/T21 M3-T21 M3-T21 M3-T21 M3- 
Isotype determination
High-binding 96-Well ELISA plates were coated with 20 μg/mL glycopeptide M3 (100 μL per well) in 0.1 M NaHCO 3 solution (pH = 9.6) overnight at 4 °C. Then each well was washed by the PBS with 0.05 % (v/v) Tween-20 for 3 times, and then blocked by incubating 400 μL PBS with 0.25 % (w/v) gelation for 3 h at room temperature [50] . After another 3-times washing, the antiserum was diluted to 1/50 and added to each well for 100 μL, then incubated for 1.5 h under 37°C. After washing, 100 μL of the 1:1000 diluted goat anti-mouse isotype antibodies (Secondary antibody, sigma), including goat antimouse IgG1, IgG2a, IgG2b, IgG3, IgM, was added and incubated for 1 h at 37 °C. After washed for 3 times, 100 μL of the 1:1000 diluted rabbit anti-goat IgG-Peroxidase antibodies (Third antibody, sigma) was added and incubated for 1 h at 37 °C. After washing for 4 times, 100 μL OPD substrate was added to each well and incubated for 30 min at room temperature. Optical absorption was measured at 450 nm. Each sample was repeatedly measured for 3 times.
Cell culture and flow cytometry analysis
Human breast cancer cell line MCF-7 purchased from Biodee Inc, Beijing were cultured in dulbecco's modified eagle medium(DMEM) culture medium supplemented with 10 % FBS at 37 °C. 1/25 diluted antisera of V10, V11, V12 and control groups were incubated with 2.0 × 10 5 cells per sample for 1 h on ice. After washing for 3 times, 1/50 diluted FITC-conjugated rabbit anti-mouse IgG antibody (DAKO) were added and incubated for 1 h on ice. After another 3-times washing, FACS analysis was measured on BD Calibur Flow cytometry in Center of Biomedical Analysis, Tsinghua University.
Statistical analysis
Data were presented as mean ± standard deviation (SD). A one-way ANOVA with Bonferroni's multiple comparison test was used to perform the statistical analysis between data of antibody isotypes. Significant differences were considered as *p < 0.05, **p < 0.01, ***p < 0.001 and n.s. indicates no significant difference.
Results and discussion
As aforementioned, two kinds of polyanionic compounds were carefully combined to CS solution, respectively, to construct CS nanoparticles. The first was the solution of sodium tripolyphosphate (TPP), which represent the inorganic polyelectrolyte. The TPP solution was added to CS solution to form nano-aggregates by ionotropic gelation (CS/TPP) [54] . The other compound was γ-poly-L-glutamic acid (γ-PGA), which is a peptide-based polymeric polyelectrolyte. The CS nanoparticles were prepared by mixing solutions of CS with γ-PGA through complex coacervation (CS/γ-PGA) [55] . And make sure that the ratio of positive charge to negative charge was 2 to 1 in both kinds of nanoparticles [56] . Suspensions were formed in both methods when polyanionic solution was added into CS polycationic solution.
Both nanoparticles were analyzed by transmission electronic microscope (TEM), dynamic light scattering (DLS) and Zeta potential. We found that both CS nano-aggregates were at nearly 400-500 nm in transmission electronic microscope (TEM) and the CS/γ-PGA nanoparticle seemed to be little larger than CS/TPP ( Fig. 2a and b) . Meanwhile, dynamic light scattering experiments showed that the hydrodynamic diameter of both nanoparticles were about 500 nm ( Fig. 2c and d) , which were consistent with the TEM results. The polydispersity indexes (PDI) were 0.271 and 0.488, respectively. The zeta potential revealed that the positive charge was partially neutralized after CS polymer was self-assembled into nanoparticle and the surface charge of CS/γ-PGA nanoparticles was much smaller than CS/TPP nanoparticles ( Figure S1 ). Meanwhile, CS/γ-PGA nanoparticles were observed to be more stable than CS/TPP nano-aggregates as the precipitation would be megascopic in CS/TPP suspension after 4 h, which may due to the less surface positive charges than CS/γ-PGA nanoparticles [57] .
To explore the adjuvant property of the CS nanoparticles on glycopeptide based antitumor vaccine, we combined the CS/TPP and CS/γ-PGA nanoparticles suspensions with M3, M3/T21 and M3-T21 antigens to form antitumor vaccines, respectively. CS solution combine with antigens were used as negative controls. Freund's adjuvant combine with antigens were positive controls (Table 1) . Firstly, we measured the DLS and zeta-potential of V2, V3, V6, V7, V10 and V11 groups, respectively (Table S1 ). The results indicated that there was not any influence on size and charge after combining different glycopeptide antigens into both CS nanoparticles. Meanwhile, none aggregates of M3 or M3/T21 or M3-T21 antigen epitopes were observed by TEM ( Figure S2) .
To address the immunological property of these nanovaccines, Balb/c mice were immunized by intraperitoneal injection on days 0, 14, 28, 42 and 56. Sera were collected on day 63. The antibody titer assay was administrated by enzyme-linked immunosorbent assay (ELISA). The results showed that all groups containing M3-T21 (V9-V12) elicited much stronger immune response than M3-containing groups (V1-V4) (Fig. 3) which revealed the importance of T helper cell epitope in effectively stimulating immune system. The M3/ T21 groups (V5-V8) neither elicited low antibody titer, demonstrating that the T helper cell epitope should be covalently linked with B cell epitope (Fig. 3) . Among M3-T21 containing groups (V9-V12), V9 group did not activate immune system effectively while the V10 and V11 group elicited high level immune responses (Fig. 3) . This indicated that the CS polymer could not stimulate innate immune system only if CS nanoparticles were formed. The antibody titer of CS/γ-PGA group was higher than CS/TPP group. This may because that the stability of CS/γ-PGA was better than CS/TPP and the γ-PGA was believed to have some adjuvant effect [58, 59] . Furthermore, CS/γ-PGA group almost did not lead ascites after several intraperitoneal injections compared to FA group, which indicated that CS/γ-PGA nanoparticle might be an effective and safe adjuvant for MUC1 glycopeptide vaccines and better than Freund's adjuvant. Antibody titer assays of each group were shown in the Supplementary Material Figure S3 -S14.
To evaluate the characters of immune response elicited by M3-T21 combined with CS nanoparticles, we administrated antibody isotype assay for mice antisera by ELISA method. The results demonstrated that M3-T21 combined with CS/γ-PGA nanoparticles (V11) elicited the highest level of antibodies of all isotypes among CS/γ-PGA, CS/TPP and FA groups (Fig. 4a-e) . CS/γ-PGA group elicited significant IgG1 antibody compared to IgG2a, which means CS/γ-PGA might mainly activate Th2 mediated immune pathway [60] , and consequently lead to humoral immune response. IgG2a and IgG2b were associated with activation of Th1 cells and cellular immune response. IgM may be produced by fast response of immune system in the early stage. CS/γ-PGA might be used to modulate immune response, such as balance between cellular and humoral immune response, which plays an important role in immunotherapy for different diseases.
To evaluate the binding character of antisera to tumorous natural MUC1 protein, MUC1-expressing tumor cell line of MCF-7 cells were incubated with antisera and consequently FITC-labeled anti-mouse IgG. We analyzed fluorescence intensity of MCF-7 by flow cytometry analysis (FACS) and the results showed that mouse antisera of CS/γ-PGA, CS/TPP and FA groups could not only bind synthetic MUC1 glycopeptide but also bind with natural MUC1 protein (Fig. 5) , which proved the possibility to target MUC1 glycoprotein in vivo using synthetic MUC1 glycopeptide. The negative control of pre-immunization sera was cut off in the final results. All results represent the mean ± SD in each group (n = 3). Significant differences were considered as *p < 0.05, **p < 0.01, ***p < 0.001 and n.s. indicates no significant difference.
Conclusions
In summary, we have developed a nanovaccine consisting of two-component MUC1 glycopeptide and selfassembled CS nanoparticles. We prepared CS nanoparticles by adding γ-PGA or TPP into CS solution and dissolved glycopeptide antigens into these suspensions to construct nanovaccines. Immunological studies revealed that simple combination CS nanoparticle and MUC1 glycopeptide antigen can dramatically improve the immunogenicity of peptide epitope and elicited high-level immune response and produced significant IgG1 antibodies. Moreover, CS/γ-PGA nanoparticle was more potent in stimulating immune system than CS/ TPP and even better than Freund's adjuvant. Otherwise, covalently link T helper cell epitope with glycopeptide antigen was very important in eliciting strong specific immune response. Our results indicate that CS/γ-PGA nanoparticle could be a useful and safe adjuvant system for MUC1 glycopeptide based cancer vaccines. 
